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Contextual stimulus control over instrumental drug-seeking behavior relies on the reconsolidation of context-response-
drug associative memories into long-term memory storage following retrieval-induced destabilization. According to
previous studies, the basolateral amygdala (BLA) and dorsal hippocampus (DH) regulate cocaine-related memory recon-
solidation; however, it is not known whether these brain regions interact or independently control this phenomenon. To
investigate this question, rats were trained to lever press for cocaine reinforcement in a distinct environmental context fol-
lowed by extinction training in a different context. Rats were then briefly re-exposed to the cocaine-paired context to desta-
bilize cocaine-related memories, or they were exposed to an unpaired context. Immediately thereafter, the rats received
unilateral microinfusions of anisomycin (ANI) into the BLA plus baclofen/muscimol (B/M) into the contralateral (BLA/
DH disconnection) or ipsilateral DH, or they received contralateral or ipsilateral microinfusions of vehicle. They then
remained in their home cages overnight or for 21 d, followed by additional extinction training and a test of cocaine-
seeking behavior (nonreinforced active lever responding). BLA/DH disconnection following re-exposure to the cocaine-
paired context, but not the unpaired context, impaired subsequent drug context-induced cocaine-seeking behavior relative
to vehicle or ipsilateral ANI + B/M treatment. Prolonged home cage stay elicited a time-dependent increase, or incubation, of
drug-context-induced cocaine-seeking behavior, and BLA/DH disconnection inhibited this incubation effect despite some
recovery of cocaine-seeking behavior. Thus, the BLA and DH interact to regulate the reconsolidation of cocaine-related
associative memories, thereby facilitating the ability of drug-paired contexts to trigger cocaine-seeking behavior and con-
tributing to the incubation of cocaine-seeking behavior.
[Supplemental material is available for this article.]
Exposure to cocaine-associated environments can elicit craving
and promote relapse in former addicts (Childress et al. 1988;
O’Brien et al. 1992; Foltin and Haney 2000). Similarly, re-exposure
to a previously cocaine-paired context reinstates extinguished
cocaine-seeking behavior in rats, and this phenomenon depends
on robust context-response-cocaine associations (Alleweireldt
et al. 2001; Fuchs et al. 2005; Kearns and Weiss 2007; Crombag
et al. 2008). According to the memory reconsolidation hypothe-
sis, the memories of previously learned associations are rendered
labile during retrieval and must be restabilized, or “reconsoli-
dated,” into long-term memory storage in order to exert persistent
stimulus control over conditioned behaviors (Misanin et al. 1968;
Lewis 1979; Nader et al. 2000a; Tronson and Taylor 2007), includ-
ing drug-seeking behavior (Lee et al. 2005; Miller and Marshall
2005; Bernardi et al. 2006, 2009; Milekic et al. 2006; Valjent
et al. 2006; Diergaarde et al. 2008). Hence, a greater understanding
of the neural circuitry and mechanisms underlying cocaine-
related memory reconsolidation may inform the development
of novel treatments for drug addiction (Taylor et al. 2009;
Milton and Everitt 2010).
The basolateral amygdala (BLA) is integral to the expression
of both cue- and context-induced reinstatement of cocaine seek-
ing (Meil and See 1997; Fuchs et al. 2002, 2005, 2007; Kantak
et al. 2002) and is a site for memory reconsolidation (Nader
et al. 2000a; Milekic et al. 2007; Mamiya et al. 2009; Li et al.
2010). The BLA is critically involved in the reconsolidation of con-
ditioned stimulus (CS)-drug associative memories that regulate
drug-conditioned place preference (Milekic et al. 2006; Li et al.
2010; Théberge et al. 2010), conditioned reinforcement, and
drug-seeking behavior (Lee et al. 2005, 2006; Milton et al. 2008;
Théberge et al. 2010). Furthermore, research from our laboratory
has demonstrated that anisomycin (ANI)-sensitive processes
(i.e., protein synthesis and/or post-translational modification)
(for review, see Gold 2008) in the BLA control the reconsolidation
of context-response-cocaine associative memories and the subse-
quent ability of a drug-paired context to reinstate extinguished
cocaine-seeking behavior (Fuchs et al. 2009).
Similar to the BLA, the dorsal hippocampus (DH) is required
for the expression of drug context-induced cocaine-seeking
behavior in rats (Fuchs et al. 2005, 2007), but its exact contri-
bution to the reconsolidation of cocaine-related associative
memories remains unclear. Tetrodotoxin-induced neuronal in-
activation of, but not ANI treatment in, the DH following
re-exposure to a cocaine-paired context inhibits subsequent
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drug context-induced reinstatement of cocaine-seeking behavior
(Ramirez et al. 2009). This effect is cocaine memory reactivation-
dependent, indicating that, while the DH is not a critical site for
protein synthesis and/or post-translational modification required
for memory re-stabilization, per se, it is necessary for the utiliza-
tion of memories that have been reconsolidated elsewhere, per-
haps in the BLA.
Intrahemispheric interaction between the BLA and DH is
required for the expression of drug context-induced cocaine-
seeking behavior (Fuchs et al. 2007). Thus, interactions between
these brain regions may also be necessary for memory reconsoli-
dation, including the stabilization of cocaine-related associative
memories that regulate cocaine-seeking behavior. In support
of this idea, neuronal populations within subregions of the
BLA and DH exhibit synchronized neural
activity concomitant with the reconsoli-
dation of remote fear memories (Nara-
yanan et al. 2007). However, to date,
it has not been investigated whether
the BLA and DH interact or indepen-
dently regulate memory reconsolidation.
Hence, Experiment 1 in the present
study employed a disconnection manip-
ulation to test the hypothesis that intra-
hemispheric interaction between the
BLA and DH at the time of memory
reconsolidation is necessary for the
ability of a cocaine-paired context to
subsequently elicit cocaine-seeking be-
havior. Additional experiments exam-
ined whether the effects of BLA/DH
functional disconnection at the time of
memory restabilization were memory
reactivation-dependent (Experiment 2)
and whether BLA/DH functional discon-
nection produced prolonged impair-
ment in drug context-induced cocaine-
seeking behavior (Experiment 3), as is
expected following genuine memory
reconsolidation impairment (Alberini
et al. 2006; Nader and Wang 2006).
Results
Histology
Schematics and photomicrographs repre-
senting cannula placements are included
in Figure 1. The target brain regions were
defined as the lateral and basolateral
nuclei of the amygdala and the dorsal
hippocampus proper. Further inspection
of neural tissue using high power micro-
scopy revealed no indication of tissue
damage (i.e., extensivecell loss or gliosis).
Data from rats with misplaced cannulae
were excluded from subsequent statisti-
cal analyses. The resulting n’s per vehicle
(VEH)- and drug-treated groups were:
contralateral VEH (BLA) + VEH (DH) 0 d,
n ¼ 8; contralateral VEH (BLA) + VEH
(DH) 21 d, n ¼ 7; contralateral ANI
(BLA) + B/M (DH) 0 d, n ¼ 10; contralat-
eral ANI (BLA) + B/M (DH) 21 d, n ¼ 7;
ipsilateral VEH (BLA) + VEH (DH), n ¼ 8;
ipsilateral ANI (BLA) + B/M (DH), n ¼ 7;
no reactivation contralateral VEH (BLA) + VEH (DH), n ¼ 7; and
no reactivation contralateral ANI (BLA) + B/M (DH), n ¼ 7.
Behavioral history
Analysis of variance (ANOVA) did not indicate any pre-existing
differences between the groups in cocaine intake, in active or inac-
tive lever responding during cocaine self-administration training,
extinction training, during the memory reactivation session, or
in the number of days required to reach the extinction criterion
before testing. These data are provided in Supplementary
Table S1. Correlational analyses revealed that active lever respond-
ing during the memory reactivation session did not signifi-
cantly predict active lever responding during the test of drug
Figure 1. Schematics and photomicrographs depicting cannula placement. Arrows mark the most
ventral point of injector cannula tracts for cannulae aimed at the BLA and DH on photomicrographs
of representative cresyl violet-stained sections. The symbols on the schematics denote the most
ventral point of the injector cannula tracts for rats that received unilateral microinfusions of vehicle
into the BLA plus VEH into the contralateral DH (open circles), anisomycin (ANI) into the BLA plus baclo-
fen/muscimol (B/M) into the contralateral DH (filled-in, black circles), VEH into the BLA plus VEH into
the ipsilateral DH (open triangles), or ANI into the BLA plus B/M into the ipsilateral DH (filled-in, gray
triangles). The groups were assigned to remain in their home cages overnight (i.e., 0 d) or for 21 d fol-
lowing the intracranial manipulations. Additionally, control groups received microinfusions following
exposure to an unpaired context and remained in their home cages overnight following the intracranial
manipulations. Numbers indicate the distance from bregma in mm, according to the rat brain atlas of
Paxinos and Watson (1997).
Neural circuitry of drug memory reconsolidation
www.learnmem.org 694 Learning & Memory
context-induced cocaine seeking for the groups that had received
VEH (r ¼ 0.114, P ¼ 0.604) or ANI + B/M treatment following the
memory reactivation session (r ¼ 0.496, P ¼ 0.495). Furthermore,
none of the analyses revealed hemisphere-dependent effects (i.e.,
laterality, data not shown). Only statistically significant effects are
reported below. The eta-squared estimates of effect size for all sta-
tistically significant effects ranged between 0.015 and 0.770.
Experiment 1
Experiment 1 was designed to evaluate whether intrahemispheric
interaction between the BLA and DH is necessary for cocaine-
related memory reconsolidation and for the subsequent ability
of a cocaine-paired context to reinstate cocaine-seeking behavior
(see experimental timeline in Fig. 2A). This was achieved by exam-
ining the effects of functional disconnection of the BLA and DH
following cocaine memory reactivation (i.e., re-exposure to the
previously cocaine-paired context) on drug context-induced
cocaine-seeking behavior. Rats received unilateral infusions of
ANI into the BLA plus B/M into the contralateral DH (disconnec-
tion) or ipsilateral DH (ipsilateral control). Additional control
groups received ipsilateral or contralateral infusions of VEH into
the BLA and DH. The contralateral ANI + B/M manipulation
was expected to bilaterally disrupt putative intrahemispheric
interactions between the BLA and DH. Conversely, the ipsilateral
manipulation was expected to bilaterally disrupt interhemi-
spheric connections between the BLA and DH while sparing
intrahemispheric interactions between these brain regions in
the unmanipulated hemisphere (Olton et al. 1982; Gaffan et al.
1993). Thus, it was postulated that requisite intrahemispheric
interactions between the BLA and DH would be indicated by
greater deficit in cocaine seeking following the contralateral
manipulation relative to the ipsilateral manipulation.
BLA/DH disconnection following cocaine memory reactiva-
tion attenuated subsequent cocaine-seeking behavior in acontext-
and lever-dependent manner, while the ipsilateral ANI + B/M
manipulation had no effect on responding relative to VEH (see
Fig. 2B). The 2 × 2 × 2 ANOVA of active lever responses indicated
a significant surgery type × treatment × context interaction effect
(F(1,29) ¼ 4.679, P ¼ 0.039), as well as significant surgery type ×
context interaction (F(1,29) ¼ 8.473, P ¼ 0.007), treatment × sur-
gery type interaction (F(1,29) ¼ 5.209, P ¼ 0.030), context main
(F(1,29) ¼ 66.482, P , 0.001), and surgery type main (F(1,29) ¼
8.463, P ¼ 0.007) effects. Thus, re-exposure to the cocaine-paired
context during testing elicited an increase in active lever respond-
ing in both VEH control groups and in the ipsilateral ANI + B/
M-treated control group, relative to responding in the extinction
context (ANOVA context simple main effect, Tukey test, P ,
0.05). Conversely, the group that had received BLA/DH disconnec-
tion manipulation (i.e., contralateral ANI + B/M treatment) fol-
lowing cocaine memory reactivation subsequently exhibited less
active lever responding in the cocaine-paired, but not the extinc-
tion context, relative to all other groups (ANOVA treatment and
surgery type simple main effects, Tukey test, P , 0.05). As a result,
responding in this group was not different in the cocaine-paired
and extinction contexts on the test days.
Time course analysis of active lever responding revealed that
the effects of contralateral ANI + B/M treatment on drug
context-induced cocaine-seeking behavior were independent of
time interval (see Fig. 2D). The 2 × 2 × 6 ANOVA of active lever re-
sponses across the six 20-min intervals of the test session revealed
a significant surgery type × treatment interaction effect (F(1,29) ¼
5.196, P ¼ 0.030), as well as time main (F(5,145) ¼ 10.978, P ,
0.001) and surgery type main (F(1,29) ¼ 8.45, P ¼ 0.007) effects.
Active lever responding decreased during the test session
(ANOVA time main effect, interval 1 . intervals 2–6, Tukey test,
P , 0.05). Collapsed across time interval, there was no difference
in active lever responding between the VEH control groups and
the ipsilateral ANI + B/M-treated group. In contrast, the group
that had received BLA/DH disconnection manipulation following
cocaine memory reactivation subsequently exhibited less active
lever responding relative to all other groups (ANOVA treatment
and surgery type simple main effects, Tukey test, P , 0.05).
The 2 × 2 × 2 ANOVA for inactive lever responses indicated
that exposure to the cocaine-paired context elicited a slight
increase in inactive lever responding in all groups relative to
responding in the extinction context (ANOVA context main effect
only, F(1,29) ¼ 6.599, P ¼ 0.016) (see Fig. 2C). Time course analysis




Figure 2. BLA/DH disconnection following cocaine memory reactiva-
tion attenuates subsequent drug context-induced cocaine-seeking behav-
ior relative to VEH or ipsilateral ANI + B/M treatment. (A) Schematic
depicting the timeline for Experiment 1. Cocaine self-administration ses-
sions (SA) were conducted in a distinct context followed by extinction
(EXT) training in a different context. On post-cocaine day 8, rats were
re-exposed to the cocaine-paired context (COC-CTX) for 15 min to reac-
tivate cocaine-related memories and then received unilateral microinfu-
sions of anisomycin (ANI, 62.5 mg/0.5 mL) into the BLA plus baclofen/
muscimol (B/M, 1.0/0.01 mM/0.5 mL) into the contralateral or ipsilateral
DH. Control rats received microinfusions of phosphate buffered saline
vehicle (VEH, 0.5 mL) into the corresponding brain regions. Groups then
remained in their home cages overnight, followed by additional extinc-
tion training until they reached the extinction criterion (≤25 active
lever responses/session on two consecutive days) and a test of drug
context-induced cocaine seeking. (B) Mean (+SEM) active lever presses
during self-administration (SA; mean of the last three training sessions)
and during tests of cocaine-seeking behavior in the extinction context
(EXT; the last session preceding the test in the cocaine-paired context)
and in the cocaine-paired context (COC-paired). (C) Mean (+SEM) inac-
tive lever presses. (D) The time course of active lever responses (mean+
SEM) during the test in the cocaine-paired context. (E) The time course
of inactive lever responses (mean+SEM). (∗) Significant difference rela-
tive to responding in the extinction context (ANOVA context simple
main effect, P , 0.05). (†) Significant difference relative to ipsilateral
ANI + B/M treatment (ANOVA surgery-type simple main effect, P ,
0.05). (‡) Significant difference relative to VEH treatment (ANOVA treat-
ment simple main effect, P , 0.05). (#) Significant difference relative to
all other time intervals (ANOVA time simple main effects, P , 0.05).
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cocaine seeking revealed a significant treatment × time interac-
tion effect (F(5,145) ¼ 2.446, P ¼ 0.037) and a time main effect
(F(5,145) ¼ 5.625, P , 0.001). Independent of surgery-type, VEH
groups exhibited a decrease in inactive lever responding during
the test session (ANOVA time simple main effects, interval 1 .
intervals 2–6, Tukey test, P , 0.05). Furthermore, the groups
that had received ipsilateral or contralateral ANI + B/M treatment
following memory reactivation exhibited less inactive lever
responding than VEH groups during interval 1 (ANOVA treatment
simple main effect, Tukey test, P , 0.05).
Motor activity
The protracted effects of intracranial manipulations on general
activity can impact instrumental cocaine-seeking behavior. To
examine this possibility, general motor activity was evaluated by
measuring photobeam breaks during a 2-h session in a novel
Plexiglas chamber (42 × 20 × 20 cm) that was equipped with an
array of eight photodetectors. The test occurred 24 h after the
test of drug context-induced cocaine seeking.
General motor activity gradually declined as rats habituated
to the chamber, and this effect was independent of treatment.
These data are provided in Supplementary Figure S1. The 2 ×
2 × 6 ANOVA of photobeam breaks revealed a significant time
main effect only (F(5,145) ¼ 104.272, P , 0.001). Collapsed across
surgery type and treatment, rats generated fewer photobeam
breaks during intervals 2–6 relative to the first 20-min interval
of the session (Tukey test, P , 0.05). Importantly, neither BLA/
DH disconnection nor the ipsilateral manipulation with ANI +
B/M administered following memory reactivation altered subse-
quent general motor activity relative to VEH treatment.
Experiment 2
Memory reconsolidation deficits are expected to depend on mem-
ory reactivation (Nader et al. 2000b; Alberini et al. 2006; Tronson
and Taylor 2007). Thus, we evaluated whether the effects of BLA/
DH disconnection on cocaine-seeking behavior would depend on
re-exposure to the cocaine-paired context immediately prior to
the disconnection manipulation. To this end, “no reactivation”
control groups were exposed to a novel, unpaired context prior
to receiving the BLA/DH disconnection manipulation or VEH
treatment (see experimental timeline in Fig. 3A).
BLA/DH disconnection in the absence of explicit cocaine
memory reactivation failed to alter drug context-induced rein-
statement of cocaine-seeking behavior, relative to VEH treatment
(see Fig. 3B). The 2 × 2 ANOVA for active lever responses revealed
that exposure to the cocaine-paired context produced an increase
in active lever responding in the groups that received ANI + B/M
or VEH treatment following exposure to the unpaired context, rel-
ative to responding in the extinction context (ANOVA context
main effect only, F(1,12) ¼ 23.169, P , 0.001). Furthermore, there
was no difference between these groups in active lever responding
in the extinction or cocaine-paired context on the test days.
The 2 × 2 ANOVA for inactive lever responses revealed that
exposure to the cocaine-paired context on the test day elicited a
slight increase in inactive lever responding in both groups, rela-
tive to responding in the extinction context (see Fig. 3C), and
BLA/DH disconnection following exposure to the novel context
did not subsequently alter inactive lever responding in the extinc-
tion or cocaine-paired context, relative to VEH treatment (ANOVA
context main effect only, F(1,12) ¼ 9.096, P , 0.020).
Experiment 3
Memory reconsolidation inhibitors are expected to impair the tar-
get memory trace and, therefore, to exert an enduring effect on
conditioned behavior (Alberini et al. 2006; Nader and Wang
2006). Accordingly, we examined whether BLA/DH disconnec-
tion following cocaine memory reactivation would disrupt
cocaine-seeking behavior after a prolonged drug-free period (i.e.,
21-d vs. overnight home cage stay, each followed by a minimum
of 2 d of extinction training prior to the test of drug context-
induced cocaine-seeking behavior) (see experimental timeline in
Fig. 4A). During the home cage stay, rats were handled regularly.
BLA/DH disconnection following cocaine memory reactiva-
tion attenuated subsequent cocaine-seeking behavior in a
context-dependent manner relative to VEH treatment, and this
effect was independent of home cage condition (see Fig. 4B).
The 2 × 2 × 2 ANOVA for active lever responses indicated signifi-
cant treatment × context interaction (F(1,29) ¼ 29.881, P ,
0.001), home cage condition main (F(1,29) ¼ 5.631, P ¼ 0.010),
context main (F(1,29) ¼ 136.433, P , 0.001), and treatment main
effects (F(1,29) ¼ 43.263, P , 0.001). Thus, active lever responding
increased following the 21-d home cage stay, consistent with the




Figure 3. The effects of BLA/DH disconnection on subsequent cocaine
seeking are memory reactivation-dependent. (A) Schematic depicting the
timeline for Experiment 2. The procedure was identical to that used in
Experiment 1 except that rats were exposed to a novel, unpaired
context, instead of the cocaine-paired context, before receiving unilateral
microinfusions of ANI (62.5 mg/0.5 mL) into the BLA plus B/M (1.0/
0.01 mM/0.5 mL) into the contralateral DH, or VEH microinfusions into
both brain regions. As in Experiment 1, following the intracranial manip-
ulations, rats received additional extinction training until they reached the
extinction criterion (≤25 active lever responses/session on two consecu-
tive days). (B) Mean (+SEM) active lever presses during self-
administration (SA; mean of the last three training sessions) and during
tests for cocaine-seeking behavior in the extinction context (EXT; the
last session preceding the test in the cocaine-paired context) and in the
cocaine-paired context (COC-paired). (C) Mean (+SEM) inactive lever
presses. (∗) Significant difference relative to responding in the extinction
context (ANOVA context main effect, P , 0.05).
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1998; Grimm et al. 2001; Lu et al. 2004). Collapsed across home
cage condition, re-exposure to the cocaine-paired context on
the test day elicited increased active lever responding in the
VEH groups, relative to responding in the extinction context
(ANOVA context simple main effect, Tukey test, P , 0.05).
Furthermore, the groups that had received BLA/DH disconnec-
tion after cocaine memory reactivation subsequently exhibited
less active lever responding in the cocaine-paired, but not in the
extinction, context relative to the VEH groups (ANOVA treatment
simple main effect, Tukey test, P , 0.05).
Time course analysis of active lever responses during the test
of drug context-induced cocaine seeking indicated that respond-
ing depended on treatment, home cage condition, and time
(see Fig. 4D). The ANOVA of active lever responses during the
six 20-min time intervals of the test session indicated a significant
treatment × home cage condition × time interaction effect
(F(5,140) ¼ 4.465, P ¼ 0.001), as well as significant treatment ×
time interaction (F(5,140) ¼ 3.304, P ¼ 0.008), time main
(F(5,140) ¼ 19.702, P , 0.001), treatment main (F(1,28) ¼ 39.989,
P , 0.001), and home cage condition main effects (F(1,28) ¼
4.343, P ¼ 0.046). Active lever responding declined over the
course of the test session in the VEH groups; however, the rate
of decline differed as a function of home cage condition.
Specifically, the 0-d VEH group exhibited less responding during
intervals 2–6 relative to interval 1 (ANOVA time simple main
effects, Tukey test, P , 0.05). Conversely, the 21-d VEH group
exhibited stable responding during intervals 1–3, and active lever
responding in this group decreased during intervals 4 and 6 rela-
tive to intervals 1 and 2 (ANOVA time simple main effect, Tukey
test, P , 0.05). The 0-d ANI + B/M group exhibited low levels of
responding throughout the test session, and responding in this
group was significantly lower than that in the respective 0-d
VEH group during interval 1 (ANOVA treatment simple main
effect, Tukey test, P , 0.05). On the other hand, the 21-d ANI +
B/M group demonstrated high levels of responding during inter-
val 1 such that responding in this group was not different than
responding in the respective 21-d VEH group but also did not
differ from that in the 0-d VEH or 0-d ANI + B/M groups.
Interestingly, however, responding in the 21-d ANI + B/M group
rapidly declined such that it was significantly lower than respond-
ing in the respective 21-d VEH group during interval 2 (ANOVA
treatment simple main effect, Tukey test, P , 0.05).
The 2 × 2 × 2 ANOVA for inactive lever responses indicated
that exposure to the cocaine-paired context elicited a slight
increase in overall inactive lever responding relative to respond-
ing in the extinction context (ANOVA context main effect only,
F(1,29) ¼ 7.642, P ¼ 0.010) (see Fig. 4C). Neither BLA/DH discon-
nection nor home cage condition altered inactive lever respond-
ing in either context. The time course of inactive lever responses
during the test of drug context-induced cocaine-seeking behavior
revealed that inactive lever responding declined during the ses-
sion, independent of treatment or home cage condition
(ANOVA time main effect only, F(5,140) ¼ 9.527, P , 0.001, inter-
val 1 . intervals 2–6, Tukey test, P , 0.05) (Fig. 4E).
Discussion
Critical involvement of intrahemispheric BLA/DH
interactions in the reconsolidation of cocaine-related
memories that control drug context-induced
cocaine-seeking behavior
To our knowledge, the present study offers the first demonstration
that functional interaction between the BLA and DH is required
for the reconsolidation of cocaine-related associative memories
that underlie the ability of a cocaine-paired environmental con-
text to reinstate extinguished cocaine-seeking behavior. To test
for functional interdependence between the BLA and DH, a dis-
connection procedure was employed. Disconnection of the BLA
and DH at the putative time of memory reconsolidation was
achieved by administering unilateral microinfusions of ANI into
the BLA and B/M into the contralateral DH following cocaine
memory reactivation. This manipulation was expected to tempo-
rarily inhibit intrahemispheric interaction between the BLA and
DH in both hemispheres. Conversely, the ipsilateral ANI + B/M
control manipulation was expected to spare intrahemispheric
information sharing between these brain regions in one hemi-
sphere while eliminating interhemispheric interactions in both
hemispheres. Importantly, ipsilateral and contralateral ANI + B/




Figure 4. BLA/DH disconnection following cocaine memory reactiva-
tion differentially impairs drug context-induced cocaine-seeking behavior
after a 0- or 21-d home cage stay. (A) Schematic depicting the timeline for
Experiment 3. The procedure was identical to that used in Experiment 1
except that rats remained in their home cages for 0 d (same groups as
in Experiment 1) or 21 d following unilateral microinfusions of ANI
(62.5 mg/0.5 mL) into the BLA plus B/M (1.0/0.01 mM/0.5 mL) into the
contralateral DH, or microinfusions of VEH into both brain regions.
Following the home cage stay, rats received additional extinction training
until they reached the extinction criterion (,25 active lever responses/
session on two consecutive days). (B) Mean (+SEM) active lever presses
during self-administration (SA; mean of the last three training sessions)
and during tests of cocaine-seeking behavior in the extinction context
(EXT; the last session preceding the test in the cocaine-paired context),
and in the cocaine-paired context (COC-paired). (Inset) Mean active
lever presses during testing collapsed across context and treatment. (C)
Mean (+SEM) inactive lever presses. (D) The time course of active lever
responses (mean+SEM) during the test in the cocaine-paired context.
(E) The time course of inactive lever responses (mean+SEM). (V)
Significant difference relative to the 0-d condition (ANOVA home cage
condition main effect, P , 0.05). (∗) Significant difference in responding
relative to that in the extinction context (ANOVA context simple main
effect, P , 0.05). (†) Significant difference relative to VEH treatment
(ANOVA treatment simple main effect, P , 0.05). (#) Significant differ-
ence relative to all other time intervals (D: 0-d VEH and 21-d ANI + B/
M groups, ANOVA time simple main effects, P , 0.05; E, ANOVA time
main effect, P , 0.05) or relative to intervals 4 and 6 (D: 21-d VEH
group; ANOVA time simple main effect, P , 0.05).
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et al. 1982; Gaffan et al. 1993); therefore, unilateral or additive
effects of the intra-BLA ANI and intra-DH B/M treatments were
expected to manifest similarly following contralateral and ipsilat-
eral administration. In the present study, BLA/DH disconnection
with ANI + B/M, but not the ipsilateral manipulation with
the same treatment, administered immediately after re-exposure
to the cocaine-paired context, attenuated subsequent drug
context-induced reinstatement of cocaine-seeking behavior rela-
tive to VEH treatment (Fig. 2B). Following cocaine memory reac-
tivation, bilateral ANI administration into the posterior caudate
putamen or bilateral tetrodotoxin-induced neural inactivation
of the trunk region of the somatosensory cortex (i.e., reconsolida-
tion inhibitor manipulations in brain regions dorsally adjacent to
the BLA and DH, respectively) fails to alter later drug context-
induced reinstatement (Fuchs et al. 2009; Ramirez et al. 2009).
This suggests that the intracranial manipulations in the present
study were anatomically selective to the BLA and DH.
Attenuation in cocaine-seeking behavior observed 48–72 h
following BLA/DH disconnection did not reflect a protracted
ANI + B/M-induced motor performance deficit. In strong support
of this, in Experiment 2, BLA/DH disconnection with ANI + B/M
following exposure to an unpaired context did not alter subse-
quent cocaine-seeking behavior relative to VEH treatment (see
Fig. 3B). Post-memory reactivation treatment with ANI + B/M
administered into the BLA plus the contralateral or ipsilateral
DH also failed to suppress general motor activity in a novel con-
text (see Supplementary Fig. S1). Furthermore, ANI + B/M
treatment failed to inhibit lever responding in the extinction
context or inactive lever responding in either context (see
Fig. 2B,C). These findings indicate that the attenuation in
cocaine-seeking behavior produced by BLA/DH disconnection
following cocaine memory reactivation was not due to ANI + B/
M-induced hypoactivity or nonspecific impairment in instrumen-
tal motor behavior.
An important corollary of the memory reconsolidation
hypothesis is that bona fide memory reconsolidation deficits
depend on memory reactivation (Lewis 1979; Nader et al.
2000b; Sara 2000). Satisfying this requirement, BLA/DH discon-
nection inhibited subsequent cocaine-seeking behavior when it
was induced following re-exposure to the cocaine-paired context,
but not an unpaired context (i.e., in the absence of explicit
cocaine-related memory reactivation) (see Fig. 3B). We have also
demonstrated previously that functional disconnection of the
BLA and DH at the time of reinstatement testing disrupts the
expression of drug context-induced cocaine seeking (Fuchs et al.
2007). Together, these findings suggest that intrahemispheric
communication between the BLA and DH critically contributes
not only to the reconsolidation of reactivated cocaine-related
associative memories into long-term memory storage, but also
to the recall or utilization of cocaine-related associative memories
in general. Thus, the BLA-DH circuitry tightly regulates the con-
trol of environmental stimuli over cocaine-seeking behavior.
While the effects of BLA/DH disconnection were specific to
reactivated cocaine-related memories, implying a memory recon-
solidation deficit, contralateral ANI + B/M treatment could have
directly impaired the labile, post-reactivation short-term memory
(PR-STM) that is to be reconsolidated. PR-STM deficits can be
determined by measuring conditioned behavior during the period
of putative memory lability (i.e., within 4–6 h of memory reacti-
vation) (Nader et al. 2000a). The prolonged half-life of B/M
(24 h) (Martin and Ghez 1993, 1999) prevented such assessment
of PR-STM in the present study given that BM-induced BLA/DH
disconnection inhibits the expression of drug context-induced
cocaine seeking behavior per se (Fuchs et al. 2007). However,
somewhat mitigating the possibility that BLA/DH disconnection
impaired memory reconsolidation solely by disrupting PR-STM,
bilateral intra-BLA ANI treatment fails to disrupt PR-STM in the
fear conditioning paradigm (Nader et al. 2000a).
In conclusion, cocaine-related memory reconsolidation
likely involves interactions between the BLA and DH, similar to
initial memory consolidation (for review, see Richter-Levin and
Akirav 2001). Communication between the BLA and DH facili-
tates the consolidation of memories that guide hippocampus-
dependent behaviors, including maze performance (Packard
et al. 1994; Packard and Teather 1998), as well as active and passive
avoidance (Roozendaal and McGaugh 1997; Rezayof et al.
2011). Specifically, the BLA appears to play a modulatory role in
DH-dependent memory consolidation. Remarkably, however,
BLA/DH interactions of a different nature bring about memory
reconsolidation in the contextual reinstatement paradigm.
The failure of post-reactivation ANI treatment in the DH to
impair cocaine-seeking behavior (Ramirez et al. 2009; also see
Biedenkapp and Rudy 2004) suggests that the DH is not the locus
of memory re-stabilization per se, since ANI-sensitive processes
are considered to be necessary for memory reconsolidation (Tron-
son and Taylor 2007; Nader and Einarsson 2010). Nevertheless,
the present study demonstrates that intrahemispheric communi-
cation between the DH and the BLA is required for the reconsoli-
dation of context-response-cocaine associative memories that
regulate drug context-induced cocaine-seeking behavior. Accord-
ingly, we propose that cocaine-related associative memories
undergo ANI-sensitive re-stabilization in the BLA, and the DH
may contribute to the maintenance of PR-STM or the establish-
ment of retrieval links in the BLA or elsewhere in the brain
during the time of memory reconsolidation. The necessary com-
munication between the BLA and DH may occur via sparse mono-
synaptic connections between the BLA and DH (Pikkarainen et al.
1999) or via multisynaptic connections that involve other brain
regions. The entorhinal cortex may serve as a relay in this circuit
as this brain region has reciprocal connections with both the
BLA and DH (Finch et al. 1986; Witter et al. 1989, Van Groen
and Wyss 1990; McDonald and Mascagni 1997; Fanselow and
Dong 2010).
Time-dependent effects of post-reactivation BLA/DH
disconnection on drug context-induced cocaine-seeking
behavior and implications for the treatment of drug
addiction
Inhibition of memory reconsolidation is predicted to selectively
impair the memory trace and, consequently, elicit prolonged
interference with conditioned behavior (for review, see Nader
2003; Amaral et al. 2008), and this property is desirable from a
treatment perspective. In fact, it has been suggested that disrupt-
ing the reconsolidation of maladaptive associative memories may
be useful for the treatment of psychiatric disorders, including
post-traumatic stress disorder, phobias, obsessive-compulsive dis-
order, and addictive behavior (Diergaarde et al. 2008; Taylor et al.
2009; Milton and Everitt 2010). In this respect, it is encouraging
that BLA/DH disconnection attenuated overall drug context-
induced cocaine-seeking behavior to a similar extent after a 21-d
vs. overnight home cage stay and approximately two extinction
training days, relative to VEH (Fig. 4B). Thus, memory reconsoli-
dation inhibitors may open a therapeutic window by impairing
memory traces that underlie the incentive motivational effects
of drug-associated environmental stimuli even though it is
unlikely they prevent the resumption of drug-taking behaviors
if drug reinforcement contingencies are restored.
Interestingly, the inhibitory effects of BLA/DH disconnec-
tion on drug-context-induced cocaine-seeking behavior were
apparent only after the first 20-min interval of the test session
Neural circuitry of drug memory reconsolidation
www.learnmem.org 698 Learning & Memory
relative to VEH treatment (Fig. 4D). It is unlikely that cocaine-
seeking behavior during the first 20-min interval of the test ses-
sion in the BLA/DH disconnection group reflected spontaneous
recovery, the return of a previously extinguished response with
time (Domjan 1998; Eisenberg et al. 2003; Bouton 2004), given
that manipulations of the DH (Corcoran et al. 2005; Bevilaqua
et al. 2007) or BLA (Fuchs et al. 2006; McLaughlin and Floresco
2007; Baldi and Bucherelli 2010) impair, rather than enhance,
extinction learning. Rather, it probably signifies the matura-
tion—thus, delayed availability—of alternate memory traces
(McClelland et al. 1995; Frankland and Bontempi 2005;
Frankland et al. 2006; Amaral et al. 2008), or the re-strengthening
of memory traces weakened by ANI + B/M treatment in the
absence of external cue exposure during abstinence. Consistent
with the idea of residual memory traces, humans exhibit impaired
cue-induced fear memory but intact declarative memory of
CS-fear contingency following memory reconsolidation inhibi-
tion using beta adrenergic receptor antagonism (Kindt et al.
2009). Similar to declarative memories, the putative residual
memories in the present study failed to elicit sustained motivated
behavior.
The strengthening of drug-related associative memories may
be a mechanism for incubation, the well-documented augmenta-
tion of drug-seeking behavior after a period of abstinence that
has been implicated in the transition from casual drug use to com-
pulsive drug-seeking and drug-taking behaviors (Tran-Nguyen
et al. 1998; Grimm et al. 2001; Thomas et al. 2008). In support
of this idea, repetitive reflection on drug-related memories pre-
dicts future increases in substance abuse symptoms in humans
(Nolen-Hoeksema et al. 2007). Consistent with an incubation
effect, the groups that remained in their home cages for 21 d
following cocaine memory reactivation and were tested on
approximately post-cocaine day 32 exhibited more robust
context-induced cocaine-seeking behavior than overnight home
cage controls (see Fig. 4B, inset). This incubation effect was mod-
est relative to that observed in other studies (see Grimm et al.
2001; Lu et al. 2004), likely due to extensive extinction training
(Berglind et al. 2007; Kelamangalath and Wagner 2009).
Incubation manifested as impairment in the extinction of drug
context-induced cocaine-seeking behavior during the nonrein-
forced test session (i.e., perseveration) following the 21-d vs. over-
night home cage stay (see Fig. 4D). Remarkably, contralateral
ANI + B/M treatment reversed the incubation-related persevera-
tion in cocaine-seeking behavior. These data suggest that, during
early withdrawal, the integrity of memory traces that encode
context-response-cocaine associations may be necessary for the
subsequent development of incubation, consistent with the idea
that incubation may involve the strengthening of associative
memory traces over time.
In conclusion, BLA/DH disconnection at the time of cocaine
memory reconsolidation had a robust inhibitory effect on the
motivational effects of a cocaine-paired environmental context
when evaluated 18 d after initial memory consolidation and after
extensive memory reconsolidation during the 10-d cocaine self-
administration training regimen (also see Lee et al. 2006). Some
recovery of cocaine-seeking behavior was observed following
an extended drug-free period (i.e., 39 d after initial memory
consolidation), likely due to the availability of new or residual
cocaine-related associative memories. However, importantly,
BLA/DH disconnection attenuated cocaine- seeking behavior
even after the development of incubation. These findings confirm
that the BLA and DH interact to control cocaine-related memory
reconsolidation and drug context-induced cocaine-seeking be-
havior and support the idea that targeting memory reconsolida-
tion to combat environmentally induced relapse may be a
worthwhile treatment option for recovering drug addicts.
Materials and Methods
Animals
Male Sprague-Dawley rats (Charles-River, Wilmington, MA, n ¼
61) were maintained in a temperature- and humidity-controlled
vivarium on a reversed light-dark cycle. Rats weighed between
275–300 g at the start of the experiment and were maintained
on 20–25 g of rat chow per day with water available ad libitum.
The housing and treatment of animals used in the study followed
the National Research Council’s Guide for the Care and Use of
Laboratory Rats (Institute of Laboratory Animal Resources on
Life Sciences) and were approved by the Institutional Animal
Care and Use Committee of the University of North Carolina at
Chapel Hill.
Food training
To accelerate the acquisition of cocaine self-administration, rats
were initially trained to press a lever under a fixed-ratio 1 schedule
of food reinforcement (i.e., each active lever press resulted in the
delivery of a 45-mg pellet [Noyes]) during a 16-h session over-
night. Food training was conducted in standard sound-attenuated
operant conditioning chambers (26 × 27 × 27 cm) (Coulbourn
Instruments). During the session, active lever responses were rein-
forced with the delivery of food pellets while inactive lever
responses had no programmed consequences. The contextual
stimuli that were used during cocaine self-administration and
extinction training were not present in the chambers during
food training.
Surgery
Forty-eight hours after food training, rats were fully anesthetized
with ketamine hydrochloride and xylazine (66.6 mg/kg and
1.33 mg/kg, i.p, respectively). Intravenous catheters were con-
structed in-house, as described previously (Fuchs et al. 2007).
The catheter was inserted into the right jugular vein and ran sub-
cutaneously to the back where it exited between the scapulae.
Immediately after the catheterization surgery, rats were placed
into a stereotaxic instrument (Stoelting). Twenty-six gauge stain-
less steel guide cannulae (Plastics One) were aimed unilaterally at
the right or left BLA (22.7 mm AP, +5.2 mm ML, 26.8 mm DV,
relative to bregma) and at the contralateral or ipsilateral DH
(angled rostrally by 15˚ to accommodate the BLA cannula,
24.1 mm AP, +2.1 ML, 22.7 mm DV, relative to bregma).
Stainless steel screws and cranioplastic cement secured the guide
cannulae to the skull. Stylets (Plastics One) and Tygon caps sealed
the guide cannulae and catheter, respectively, in order to prevent
occlusion.
Rats were given 5 d of post-operative recovery before the start
of the experiment. To maintain catheter patency during this time,
the catheters were flushed through daily with 0.1 mL of an antibi-
otic solution of cefazolin (10.0 mg/mL; Schein Pharmaceuticals)
dissolved in heparinized saline (70 U/mL; Baxter Health Care
Corp.) followed by 0.1 mL of heparinized saline (70 U/mL).
During self-administration training, catheters were flushed
through with 0.1 mL of heparinized saline (10 U/mL) before
each session and with 0.1 mL of the cefazolin solution and
0.1 mL of heparinized saline (70 U/mL) after each session.
Catheter patency was assessed before the first self-administration
session and periodically during the experiment, using propofol
(1 mg/0.1 mL, i.v.; Eli Abbott Lab), which produces temporary
loss of muscle tone when administered intravenously.
Cocaine self-administration training
Self-administration training was conducted in standard operant
conditioning chambers configured to one of two distinctly differ-
ent contexts. Context 1 contained a continuous red house light
opposite to the active lever, intermittent pure tone (80 dB,
1 kHz; 2 sec on, 2 sec off), pine-scented air freshener strip
(4.5 cm × 2 cm; Car Freshener Corp.), and a wire mesh floor
(26 cm × 27 cm). Context 2 contained an intermittent white
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stimulus light above the inactive lever (2 sec on, 4 sec off), contin-
uous pure tone (75 dB, 2.5 kHz), vanilla-scented air freshener
strip (4.5 × 2 cm, Sopus Products), and a slanted ceramic tile
wall that bisected a bar floor (19 cm × 27 cm). Rats were randomly
assigned to Context 1 or Context 2 and allowed to self-administer
cocaine in that context under a fixed-ratio 1 schedule of cocaine
reinforcement (cocaine hydrochloride; 0.15 mg/0.05 mL per
infusion, i.v.; NIDA). Training took place during daily 2-h sessions
in their dark cycle. The rats’ catheters were connected to an infu-
sion apparatus (Coulbourn Instruments) via polyethylene 20 tub-
ing and liquid swivels (Instech). Active lever responses activated
an infusion pump for 2 sec. Each infusion was immediately
followed by a 20-sec time-out period, during which active lever
responses had no programmed consequences. Responses on the
other (inactive) lever were recorded but had no programmed con-
sequences. Training continued until rats reached a criterion of
≥10 cocaine infusions per session during at least 10 sessions.
Data collection and reinforcer delivery were controlled using
Graphic State Notation software version 2.102 (Coulbourn).
Extinction training
After reaching the acquisition criterion, rats received seven daily
2-h extinction training sessions. Rats that self-administered
cocaine in Context 1 were placed into Context 2 for extinction
training, and vice versa. During the extinction sessions, active
and inactive lever responses were recorded but had no pro-
grammed consequences. Immediately after the fourth extinction
session, rats were adapted to the intracranial microinfusion proce-
dure. To this end, stainless steel injection cannulae were inserted
into the guide cannulae to a depth of either 1 mm (DH) or 2 mm
(BLA) below the tip of the guide cannulae. The injector cannulae
remained in place for 4 min, but no fluid was infused during the
adaptation procedure.
Experiment 1: Effects of BLA/DH disconnection on cocaine
memory reconsolidation
Experiment 1 was designed to evaluate whether functional dis-
connection of the BLA and DH following cocaine memory reacti-
vation would impair subsequent drug context-induced cocaine
seeking. A schematic representing the experimental timeline is
provided in Figure 2A.
Memory reactivation
After the final day of extinction training, rats were re-exposed to
the cocaine-paired context for 15 min in order to destabilize
cocaine-related memories (Lewis 1979; Nader et al. 2000b;
Tronson and Taylor 2007). This session length was selected
because it is sufficient to reactivate cocaine-related associative
memories without producing significant behavioral extinction
(Fuchs et al. 2009). During the memory reactivation session, rats
were connected to the infusion apparatus, but fluids were not
infused, and responding on the active and inactive levers had
no programmed consequences.
Intracranial manipulations
Immediately after the memory reactivation session, rats received
a unilateral microinfusion of anisomycin (62.5 mg/0.5 mL) into
the left or right BLA plus a unilateral microinfusion of the GABA
agonists baclofen/muscimol (1.0/0.01 mM/0.5 mL) into the con-
tralateral or ipsilateral DH. The dose of ANI used was selected
based on our previous research demonstrating that when microin-
fused bilaterally into the BLA, but not the overlying posterior
caudate-putamen (pCPu), this dose was sufficient to disrupt
cocaine memory reconsolidation in our model (Fuchs et al.
2009). While tetrodotoxin was used in our previous study to dem-
onstrate the involvement of the DH but not the overlying trunk
region of the somatosensory cortex (SStr), in cocaine memory
reconsolidation (Ramirez et al. 2009), B/M was used in the present
disconnection study in order to selectively inhibit neural activity
within the DH while sparing fibers of passage (van Duuren et al.
2007). The dose of B/M was selected based on an earlier BLA/
DH disconnection study (Fuchs et al. 2007). Vehicle control
groups received phosphate buffered saline (0.5 mL) unilaterally
into the BLA plus the contralateral or ipsilateral DH. Assignment
to treatment conditions was counterbalanced based on previous
cocaine intake. During the microinjection procedure, the injec-
tion cannulae were connected to Hamilton syringes (Hamilton
Co.) that were mounted on a microdrive pump (KD Scientific).
Microinfusions were delivered over 2 min, and the injection can-
nulae were left in place for 1 min before and after the microinfu-
sion in order to limit drug diffusion, as described previously
(Fuchs et al. 2007).
Extinction training and test of drug context-induced
cocaine seeking
Starting on the day following the memory reactivation session,
rats received additional daily 2-h extinction training sessions
until they reached an extinction criterion (i.e., ≤25 active lever
responses per session on a minimum of two consecutive days).
Twenty-four hours later, rats were returned to the cocaine-paired
context for a 2-h test of cocaine-seeking behavior. During the
test session, active and inactive lever presses were recorded but
had no programmed consequences.
General motor activity testing
Intracranial manipulations can alter cocaine-seeking behavior by
impairing general motor activity. This was unlikely in the present
study since testing occurred at a minimum of 72 h following the
intracranial manipulation. Nonetheless, the possible protracted
effects of contralateral and ipsilateral ANI + B/M and VEH treat-
ments on motor activity were assessed 24 h after the reinstate-
ment test in Experiment 1. The general motor activity test took
place in a novel Plexiglas chamber (42 × 20 × 20 cm) that was
equipped with an array of eight photodetectors. A computerized
activity system (San Diego Instruments) recorded photobeam
breaks resulting from the movement of rats in the chamber during
a 2-h session.
Experiment 2: Effects of BLA/DH disconnection in the
absence of explicit cocaine memory reactivation
The memory reconsolidation theory posits that reconsolidation
inhibitors selectively target memories that have been rendered
labile by reactivation (Nader et al. 2000b; Alberini et al. 2006;
Tronson and Taylor 2007). Experiment 2 was designed to evaluate
whether the effect observed in Experiment 1 would be similarly
observed in the absence of explicit cocaine memory reactivation.
The experimental protocol was identical to that in Experiment 1
except that the groups were placed into a novel, unpaired context
for 15 min prior to receiving ipsilateral or contralateral ANI + B/
M or VEH + VEH microinfusions into the BLA and DH, respec-
tively. The unpaired context contained continuous white stimu-
lus lights above each lever, a continuous red house light
opposite to the active lever, a continuous complex tone (80 dB,
alternating between 1, 1.5, and 2.5 kHz at 1 sec intervals), a
citrus-scented air freshener strip (4.5 × 2 cm, Locasmarts LLC),
and ceramic tile flooring (26 cm × 27 cm). A schematic represent-
ing the experimental timeline for Experiment 2 is provided in
Figure 3A.
Experiment 3: Time-dependent effects of post-memory
reactivation BLA/DH disconnection on drug
context-induced cocaine seeking
Genuine memory reconsolidation deficits are characterized by the
loss or impairment of the memory trace, and in turn, long-lasting
behavioral deficit (Nader and Wang 2006). Experiment 3 was
designed to evaluate the effects of BLA/DH disconnection, admin-
istered following re-exposure to a cocaine-paired context, on the
ability of the cocaine-paired context to reinstate cocaine-seeking
behavior after an extended drug-free period.
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All protocols in this experiment were identical to those used
in Experiments 1 and 2, except that rats were assigned to stay in
their home cages for 21 d following the memory reactivation ses-
sion and intracranial microinfusions. During the home cage stay,
rats were handled regularly. A schematic representing the experi-
mental timeline is provided in Figure 4A. The contralateral BLA/
DH-cannulated groups from Experiment 1 served as 0-d (over-
night) home cage control groups in Experiment 3.
Histology
After the last experimental session, rats were overdosed with ke-
tamine hydrochloride and xylazine (66.6 and 1.3 mg/kg, i.v., or
199.8 and 3.9 mg/kg, i.p., respectively, depending on catheter
patency). They were then transcardially perfused with 1× phos-
phate-buffered saline (Fisher Scientific) and 10% formaldehyde
solution (Sigma). Brains were dissected out and stored in 10%
formaldehyde solution until they were sectioned in the coronal
plane at a thickness of 75 mm using a vibratome. The sections
were mounted onto gelatin-coated slides and stained using cresyl
violet (Kodak). Cannula placements were verified using light
microscopy. The most ventral portion of each cannula tract was
mapped onto schematics of appropriate plates from the rat brain
atlas (Paxinos and Watson 1997).
Data analysis
Separate ANOVAs were conducted to test for possible pre-existing
differences in cocaine intake as well as active and inactive lever
responding during cocaine self-administration training (mean of
last 3 d), extinction training (day 1, day 7), and during the mem-
ory reactivation session for the groups of rats in Experiments 1, 2,
and 3. In these ANOVAs, group was included as a between-subjects
factor, and time (extinction day 1, extinction day 7) was included
as a within-subjects factor, as appropriate. Pearson r correlation
coefficients were calculated to examine the relationship between
active lever responding during the memory reactivation session
and during the test of drug context-induced cocaine-seeking
behavior.
Separate mixed-factorial ANOVAs were conducted to exam-
ine the effects of post-reactivation manipulations on the number
of days required to reach the extinction criterion, on active and
inactive lever responses on the test days in the cocaine-paired
and extinction contexts (last extinction session before the test
in the cocaine-paired context), and on motor activity. In these
ANOVAs, treatment (VEH + VEH, ANI + B/M), surgery type (ipsi-
lateral, contralateral), and home cage condition (0 d, 21 d) were
included as between-subjects factors, while context (extinction,
cocaine-paired) and time (six 20-min intervals) were included as
within-subjects factors as appropriate. Significant main and inter-
action effects were further probed using post-hoc Tukey tests. In
addition, the potential hemispheric laterality of significant effects
was examined using t-tests separately because the variables BLA
hemisphere and DH hemisphere were not orthogonal. Alpha
was set at 0.05.
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